Distinct associations between energy balance and the sleep characteristics slow wave sleep and rapid eye movement sleep F Rutters, HK Gonnissen, R Hursel, SG Lemmens, EA Martens and MS Westerterp-Plantenga Context: Epidemiologically, an inverse relationship between body mass index (BMI) and sleep duration is observed. Intra-individual variance in the amount of slow wave sleep (SWS) or rapid eye movement (REM) sleep has been related to variance of metabolic and endocrine parameters, which are risk factors for the disturbance of energy balance (EB). Objective: To investigate inter-individual relationships between EB (EB ¼ |energy intake --energy expenditure|, MJ/24 h), SWS or REM sleep, and relevant parameters in normal-weight men during two 48 h stays in the controlled environment of a respiration chamber. Subjects and methods: A total of 16 men (age 23 ± 3.7 years, BMI 23.9 ± 1.9 kg m À2 ) stayed in the respiration chamber twice for 48 h to assure EB. Electroencephalography was used to monitor sleep (2330 --0730 hrs). Hunger and fullness were scored by visual analog scales; mood was determined by State Trait Anxiety Index-state and food reward by liking and wanting. Baseline blood and salivary samples were collected before breakfast. Subjects were fed in EB, except for the last dinner, when energy intake was ad libitum. Results: The subjects slept on average 441.8±49 min per night, and showed high within-subject reliability for the amount of SWS and REM sleep. Linear regression analyses showed that EB was inversely related to the amount of SWS (r ¼ À0.43, Po0.03), and positively related to the amount of REM sleep (r ¼ 0.40, Po0.05). Relevant parameters such as hunger, reward, stress and orexigenic hormone concentrations were related to overeating, as well as to the amount of SWS and REM sleep, however, after inclusion of these parameters in a multiple regression, the amount of SWS and REM sleep did not add to the explained variance of EB, which suggests that due to their individual associations, these EB parameters are mediator variables. Conclusion: A positive EB due to overeating, was explained by a smaller amount of SWS and higher amount of REM sleep, mediated by hunger, fullness, State Trait Anxiety Index-state scores, glucose/insulin ratio, and ghrelin and cortisol concentrations.
INTRODUCTION
The prevalence of overweight and obesity has increased worldwide to epidemic proportions. 1 Obesity results from a chronic deregulation of energy balance (EB), with energy intake exceeding energy expenditure, leading to the storage of excessive energy as fat. 2 Recent literature suggests a role for sleep in the development of obesity. The majority of evidence is found in epidemiological studies---cross-sectional and longitudinal, which report an inverse relationship between sleep duration and body mass index (BMI). 3 --5 Until now, only a few experimental studies have addressed the connection between sleep and deregulation of EB. Altered EB parameters, such as lower glucose tolerance, distorted levels of (an)orexigenic hormones, increased activity of the sympathetic nervous system, changed feelings of hunger and fullness, and altered energy intake and energy expenditure were observed after sleep disturbance. 6 --21 The majority of these studies applied extreme forms of sleep disturbances; namely o4 h of sleep or total sleep deprivation, which cannot be tolerated by humans beyond a few days. 22 Extreme forms of sleep disturbance have been shown to alter sleep characteristics; it decreases the duration of rapid eye movement (REM) sleep and slow wave sleep (SWS); 3,23 --25 for example, 4 h of sleep decreased the amount of REM sleep by 50 min and SWS by 30 min, compared with 8 h of sleep. 23 SWS and REM sleep have been correlated to variation in metabolic parameters; 26, 27 for example, inverse relationships between BMI, waist circumference, hypertension incidence, cortisol concentrations and SWS have been observed. 28 --30 Additionally, positive relationships between lean body mass, growth hormone release and SWS have been observed. 31 --34 Furthermore, inverse relationships between BMI, nadir cortisol concentrations and REM sleep have been observed. 35, 36 When SWS is selectively suppressed without any change in total sleep time, alterations in EB parameters comparable to o4 h of sleep or total sleep deprivation have been shown; SWS suppression induced a decrease in insulin sensitivity in humans. 37 Together, these findings suggest that EB parameters are primarily related to the amount of SWS and REM sleep, rather than to the total sleep duration.
SWS and REM sleep duration are, however, highly variable between subjects, and are subject specific. 22,24,38 --40 As these inter-individual relationships between EB parameters and the amount of SWS and REM sleep have not been studied under controlled conditions before, the objective of our study was to investigate inter-individual relationships between EB (|energy intakeÀenergy expenditure|), SWS, REM sleep, and relevant parameters in young, normal-weight men during two 48 h stays in the controlled environment of the respiration chamber.
SUBJECTS AND METHODS Subjects
The Medical Ethical Committee of the University Maastricht approved the study (NL24166.068.08), and informed, written consent was obtained from all subjects. Healthy, medication-free and non-smoking men (n ¼ 16), 18 --30 years, with a BMI of 20 --25 kg m À2 were recruited to complete all phases of this study. A medical history was obtained from each subject before entry into the study, and exclusion criteria were chronic illness, depression, a history of eating disorders or current dieting and sleep disorders. Sleep characteristics were assessed using a questionnaire on sleep duration during weekdays and weekend days, time to fall asleep, times woken up during the night, chronotype preference and the Epworth Sleepiness Scale. In general the subjects were good sleepers as they slept about 8 h per night, had no sleeping difficulties, time to fall asleep was relatively short and times woken up during the night were low. All subjects recruited, completed the study. The characteristics of the subjects are presented in Table 1 .
Experimental design
Each subject reported to the laboratory on three occasions: once for anthropometry measurements and subject characterization, and twice for 48 h stays (20 --20 h ) in the respiration chamber. During the anthropometrical measurements the subject's body weight, height, BMI, as well as body composition were measured. The two stays in the respiration chamber were conducted 4 weeks apart, and 3 days before each stay subjects were provided with a diet in EB to consume at home. During the stays subjects were fed in EB, determined by energy expenditure that was measured continuously in the respiration chamber. Electroencephalography was used to monitor wake and sleep stages. Artificial light intensity in the respiration chamber was always 4400 lux (Energy Saver Tornado E27 900 lumen, Philips Lightning, Eindhoven, The Netherlands). Feelings of hunger and fullness were scored by Analog scales; mood was determined by State Trait Anxiety Index (STAI-state); food reward by liking and wanting. The baseline blood and salivary samples were collected before breakfast on both days. The subjects were fed in EB during the first day and for the first 22 h during the second day, during the last 2 h they received their dinner ad libitum, in order to determine the ad libitum energy intake.
Measurements
Anthropometry. Measurements were obtained in the morning after voiding the bladder and before breakfast. Body weight (Sauter D7470, Ebingen, Germany) and height (Seca, model 220, Hamburg, Germany) were measured to the nearest 0.01 kg and 0.1 cm, respectively. BMI (kg m À2 ) was calculated as body weight (kg) divided by height (m) squared. Body composition was measured using the deuterium dilution technique (D 2 O). Deuterium dilution was used to measure total body water. Subjects were asked to collect a urine sample in the evening just before drinking the deuterium-enriched water solution. After ingestion of this solution, no further consumption was allowed. In the morning the first urine sample was discarded, the whole second urine sample (about 10 h after drinking the water solution) was collected. The dilution of the deuterium isotope is a measure of the total body water of the subject. Deuterium was measured in the urine samples with an isotope ratio mass spectrometer (VG-Isogas Aqua Sira, VG Isogas, Middlewich, Cheshire, UK). Total body water was obtained by dividing the measured deuterium dilution space by 1.04. Fatfree mass was calculated by dividing total body water by the hydration factor 0.73 as defined by Fomon et al. 41 Fat mass was measured as body weight minus fat-free mass.
Sleep monitoring. Sleep was recorded from 2330 --0730 hrs, by using a digital electroencephalography acquisition system (BrainRT, OSG Medical software & Hardware, Rumst, Belgium). Surface electrodes were used to record the electroencephalographic signals; two central (C3 --A2 and C4 --A1) and two occipital (O1 --A2 and O2 --A1), bilateral electrooculograms and submental electromyograms. Sleep recordings were visually scored at 30-s intervals as the stages wake, REM sleep or sleep stage 1, 2, and SWS by an experienced rater who was blind to the age and sex of the participants, and followed standard criteria. 42 Energy expenditure. To ascertain EB during the first 24 h of the 48 h stays, the experiment was conducted in the respiration chamber, 43 where energy expenditure was measured continuously. During the second 24 h subjects were fed identical to the first day for the first 22 h; after that an ad libitum final dinner was given. The respiration chamber is a 14 m 3 room furnished with a bed, chair, computer, television, dvd player, telephone, intercom, sink and toilet. The room was ventilated with fresh air at a rate of 70 --80 l min À1 . The ventilation rate was measured using electronically modified dry gas meters (G6, Schlumberger, Dordrecht, The Netherlands). The analysis system consisted of dual pairs of infrared CO 2 (ABB/ Hartman&Braun Uras, Frankfurt a.M., Germany) and paramagnetic O 2 analyzers (Servomex 4100, Crowborough, UK). Data acquisition was performed using custom-built interfaces (IDEE Maastricht University, Maastricht, The Netherlands), a computer (Apple Macintosh, Cupertino, CA, USA) and graphical programming environment (Labview, National Instruments, Austin, TX, USA). 43 For both days 24 h energy expenditure was measured from 2000 hrs till 2000 hrs the next day, and was calculated from the measurements of O 2 consumption and CO 2 production, using the formula of Brouwer.
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Hunger and fullness scores. Aspects of the appetite profile were assessed using 100 mm visual analog scales with questions about feelings of hunger, fullness, thirst and desire to eat. Opposing extremes of each feeling were described at either end of the 100 mm horizontal line, and subjects marked the line to indicate how they felt at that moment. 45 During the 48 h stays, appetite profiles were assessed every waking hour from 0800 hrs, as well as before and after every meal.
Mood score. Anxiety was assessed using the Dutch translation of the State-Trait Anxiety Inventory (STAI). 46 This questionnaire consists of two subscales: the trait scale (anxiety-trait) and the state scale (anxiety-state). Only the state scale was used in this experiment and refers to the transitory emotional response involving unpleasant feelings of tension and apprehensive thoughts. The state scale is composed of 20 questions, rated on a four-point scale, ranging from 'much like this' to 'much unlike this' and require that subjects describe how they feel at a specific moment. 46 The scale can score a maximum of 80 and an increase in STAI trait or state scores is associated with an increase in anxiety. During the 48 h stays, anxiety was assessed every waking hour from 0800 hrs, as well as before and after every meal.
Blood sampling. During the 48 h stays, each morning before breakfast (0800 hrs) a polytetrafluoroethylene catheter was placed in the antecubital vein for blood sampling. Blood samples were collected in EDTA tubes (BD Vacutainer, BD, Franklin Lakes, NY, USA; 10 ml) for the measurement of Values are means ± s.d.
Energy balance, SWS and REM sleepplasma insulin, glucose, leptin and ghrelin concentrations. For glucagon like peptide-1 (GLP-1) measurement blood was collected in EDTA tubes with added dipeptidyl peptidase IV inhibitor, and for melatonin concentrations measurement blood was collected in serum tubes (BD Vacutainer, 9.5 ml). The blood for the serum measurements was allowed to clot at room temperature for 20 min. Immediately after clotting, the blood samples were put on ice and serum was extracted by centrifugation (1500 Â g, 10 min, 4 1C). The blood for plasma measurements was centrifuged immediately (1500 Â g, 10 min, 4 1C). Hydrochloric acid and phenylmethylsulfonyl fluoride were added to plasma for active ghrelin determination. All samples were frozen in liquid nitrogen and stored at --80 1C until analyzed. Glucose concentrations were determined using the hexokinase method (Glucose HK 125 kit, ABX diagnostics, Montpellier, France) and insulin concentrations by radioimmunoassay (Linco Research Inc., St Charles, MO, USA). Leptin concentrations were measured using the human leptin radioimmunoassay-kit (Linco Research Inc.) and active ghrelin concentrations by radioimmunoassay (Linco Research Inc.). Active glucagon like peptide-1 concentrations were determined by enzyme-linked immunoradiometric assay (EGLP-35K; Linco Research Inc.) and melatonin concentrations by radioimmunoassay (IBL International GMBH, Hamburg, Germany).
Salivary sampling. To determine the salivary cortisol levels, each morning before breakfast (0800 hrs) a saliva sample was collected with the help of cotton swabs (Salivettes, Sarstedt, Etten-Leur, The Netherlands). Subjects were instructed to gently chew on the swab for 1 min. Cotton swabs were then transferred to the plastic containers and stored at À20 1C until analysis.
Salivary cortisol concentrations were measured by the laboratory of Professor Dr C Kirschbaum, Dresden University of Technology, Germany. After thawing, saliva samples were centrifuged at 3000 r.p.m. for 10 min. Luminescence immunoassay (IBL International) with intra-and inter-assay precision of 2.5% and 4.7%, respectively, was used to measure the salivary cortisol concentrations.
Energy intake. Two days before and during the experimental sessions, the subjects were fed with a study diet designed to provide EB, except for the final ad libitum dinner at the end of the experimental session. The energy content of the diet that the subjects consumed at home was based on basal metabolic rate, which was calculated with the equation of Harris --Benedict. 47 Basal metabolic rate was multiplied by an activity index of 1.7. 48 To determine the appropriate level of energy intake for each subject in order to attain energy, the sleeping metabolic rate was measured during the first night and multiplied by an activity index of 1.35. Energy intake was divided over the meals as follows: 25% for breakfast (0900 hrs), 40% for lunch (1330 hrs) and 35% for dinner (1800 hrs). The composition of the diet (% of energy protein/carbohydrate/fat) was 12/55/33%. Subjects were thus fed in EB for the first 24 h and identical during 22 h of the second day. For the last 2 h during the dinner on the second day, energy intake was ad libitum. Then also 'rewarding value of food' was assessed using a computer test. 49 Mean EB (MJ/24 h) was calculated by |energy intake over 48 hÀenergy expenditure over 48 h|/2. After the last dinner the experiment was finished and subjects could leave the respiratory chamber.
'Rewarding value of food'. The computer test described and validated by Lemmens et al. 49 was used to measure the rewarding value of food, that is, 'liking' and 'wanting,' for 72 items divided in six categories: bread, filling, drinks, dessert, sweets and stationery (non-food alternative as placebo). Each category contained 12 items. The 72 items were presented as photographic stimuli on a computer screen (13-inch Mac Book; Apple). During the 'liking' part of the computer test subjects had to indicate their relative preference of paired items within and between categories, resulting in a ranking of 'liking' of the items per category and of the categories. During the 'wanting' part of the computer test subjects had to work to earn items to choose from by playing memory games. Each memory game was followed by the indication of the items subjects wanted to acquire at that moment. The more pairs of items were found in the memory game, the more randomly selected items were offered to choose from afterwards, for example, if eight pairs of items would be found in the memory game of the sweets category, then eight randomly selected sweets would be offered to choose from. Subjects could choose zero, one or two items per category. They were instructed to choose the items while keeping in mind that all the chosen items would be offered to them, and had to be eaten completely. The chosen items obtained a score equal to the number of pairs of items found in the memory game, representing the motivation or workload for the chosen items. Items not chosen obtained a score of zero. Per category the sum of the scores of the items was calculated and represented the 'wanting' score for each category. After consumption of the chosen items, the subjects completed the computer test once more, and afterwards also had to eat the items chosen during the second session.
Statistical analysis
Statistical analyses were performed with StatView 5.0 (SAS Institute, Cary, NC, USA). Paired samples t-tests were used to analyze the differences between days, as well as stays. Linear regression analyses were completed to analyze the relationship between dependent and independent variables. Multiple regression analyses were performed to test the mediation model proposed with the most fitting predictors for EB. All tests were two-sided and differences were considered significant at Po0.05. Values are expressed as mean ± s.d.
RESULTS

Sleep
No significant differences in sleep characteristics were observed between the two 48 h stays, except for a smaller amount of sleep stage 1 during the first night of the first stay (Table 2) . Withinsubject reliability of all sleep characteristics was observed between the first and second night of the 48 h stays (Table 2) , and between the first 48 h stay and the second stay (data not shown). Owing to the high within-subject reliability, the average amount of the two nights was used in the subsequent analyses.
An inverse relationship was observed between the amount of REM sleep and the amount of SWS (r ¼ À0.39, Po0.04), furthermore the amount of SWS was inversely related to sleep Table 3 depicts the regression analyses between the mean EB, the mean amount of SWS, the mean amount of REM sleep and the EB parameters on the second day of the 48 h stay. The mean amount of SWS was positively related to fullness score (mm) before the ad libitum diner, while hunger score (mm) and STAI state score were negatively related. Furthermore, inverse relationships were observed between ghrelin concentrations (pmol l À1 ), cortisol concentrations (nmol l
À1
), glucose/insulin ratio and SWS. Regarding the mean amount of REM sleep, positive associations were observed between ghrelin concentrations, cortisol concentrations and REM sleep. Regarding the mean EB, fullness score were negatively related to EB, while positive relationships were observed between hunger score, STAI state score, ghrelin concentrations, cortisol concentrations and total wanting score. No significant associations were observed with total liking score, or insulin, glucose, leptin, glucagon like peptide-1 and melatonin concentrations.
Additional analyses between all factors showed that the STAI-state related positively to cortisol concentrations (r ¼ 0.34, Po0.05), and to total wanting score (r ¼ 0.28, Po0.05), while ghrelin concentrations related positively to cortisol concentrations (r ¼ 0.36, Po0.05), and total wanting score (r ¼ 0.43, Po0.02).
Glucose/insulin ratio related positively to hunger score (r ¼ 0.33, Po0.05), and negatively to fullness score (r ¼ À0.33, Po0.05), whereas hunger score related positively to total wanting score (r ¼ 0.36, Po0.04). Overall, no significant associations were observed between EB, EB parameters and total sleep time, and no relationship was observed between BMI and sleep characteristics.
Multiple regression analyses Multiple regression analyses showed that the amount of SWS negatively, and the amount of REM sleep positively contributed to the explained variance in the mean EB (r ¼ 0.48, Po0.05). Multiple regression analyses were performed to test the mediation model proposed for the relationship between EB, EB parameters and the amount of SWS and REM sleep (Figure 1 ). All EB parameters that were related to EB and the amount of SWS and REM sleep were included, however, after inclusion of ghrelin and cortisol concentrations, glucose/insulin ratio, total wanting score, STAI state scores and the hunger or fullness scores, the amount of SWS and REM sleep did not add to the explained variance of EB, which suggests that due to their individual associations, these EB parameters are mediator variables.
DISCUSSION
The objective of our study was to investigate the inter-individual relationships between EB, SWS, REM sleep, and relevant parameters in young, normal-weight men during two 48 h stays in the controlled environment at the respiration chamber. The subjects were fed in EB during the first day and during the first 22 h of the second day, after which the last meal was given ad libitum, and ad libitum energy intake was measured. Subjects appeared in EB during the first 24 h, however, although being fed in EB during the first 22 h of the second day, the subjects were in considerable positive EB due to the ad libitum dinner during the second day. Even when taken into account that we did not measure the whole diet-induced thermogenesis related to the last meal, as the subjects left the chamber about 1 h after consuming the dinner and that it was considerable larger compared with the dinner during the first day, correcting for this difference; thus taking into account that the diet-induced thermogenesis is about 10% of the Energy balance, SWS and REM sleepenergy intake ( ± 0.3 MJ), 50 the subjects were still in a considerable positive EB of ±3.7 MJ.
From our study, we obtained evidence for the hypothesis on the role of the sleep characteristics SWS and REM sleep in maintaining a normal body weight, being the inverse relationship between EB and the amount of SWS, along with the positive relationship between EB and the amount of REM sleep. Our findings suggest that SWS has a positive effect on EB, and thus body weight, while REM sleep has a negative effect. These effects are thought to be mediated through ghrelin and cortisol concentrations, glucose/insulin ratio, hunger and fullness scores, STAI state scores and reward scores (Figure 1) .
Moreover, our results indicate distinct effects of SWS and REM sleep on the mediating EB parameters, as we observed inverse relationships between the amount of SWS and ghrelin levels, as well as glucose/insulin ratio, which represent hormonal orexigenic factors. We also observed inverse relationships between SWS and feelings of hunger, measured using a visual analog scale, as well as cortisol levels and STAI state scores, used to measure mood, 46, 51 while all positive associations with the amount of REM sleep were observed. Regarding SWS, these findings are in concordance to studies using extreme forms of sleep deprivation, which show increased feelings of hunger, 8, 16, 17 increased ghrelin levels 7, 8, 15 and increased cortisol levels 21, 29 and suggests that subjects were hungrier and more stressed when SWS was relatively short. The positive association between cortisol levels and REM sleep, is complementary to results by van Cauter et al., 35 who observed an inverse relationship between nadir cortisol levels and REM sleep, which suggests a blunted hypothalamic-pituitaryadrenal axis response that has been related to obesity. 52 There was a sequence in the reported associations, as subjects who had lower amounts of SWS and higher amounts of REM sleep during the two nights, experienced more stress, and were hungrier and less full during their last day in the respiration chamber. Thereupon, during the last ad libitum dinner before leaving the chamber, the subjects had a higher wanting for food, and as a result overate.
In concordance with previous studies on sleep and sleep characteristics, we observed between-subject variability and within-subject reliability in the amount of SWS and REM sleep during the two 48 h stays, 22,24,38 --40 but also sufficient variance and sensitivity to use them as variables. In our subjects, the amount of REM sleep was inversely related to the amount of SWS, which suggests that subjects with a high amount of SWS have a low amount of REM sleep. Regression analyses showed that EB was explained by both the amount of REM sleep and the amount of SWS; however, the contribution of SWS was stronger. With respect to our findings this suggest that subjects specific high amount of SWS, and thus low levels of REM sleep, would result in better EB regulation, and ultimately body weight control. Earlier sleep studies using extreme forms of sleep deprivation, 6 --8,11 --19 which will decrease the subject specific amount of SWS, suggesting to reflect the effect of decreases in the subject specific amount of SWS sleep rather than the effect of shorter total sleep time. 53 It also may explain why not all people who sleep o6 h are overweight/obese, as they may have a sufficient amount of SWS, 3 which may have a genetic background as mutations in the DEC 2 gene lead to decrease the total amount of sleep but does not change the amount of SWS. 54 Taken together, our observations indicate that subjects fed in EB during the first day and during the first 22 h of the second day, had more excessive energy intake corrected for energy need during the last ad libitum dinner, when there were relative small amounts of SWS and larger amounts of REM sleep during the previous nights; then feelings of fullness were lower, whereas stress, feelings of hunger and motivation for food reward were higher. Irrespective of the sequence we have shown, this phenomenon may usually be present, as it shows related differences between the subjects. The literature, however, hints toward a reciprocal relationship between parameters of EB and the amount of SWS and REM sleep. Energy intake and macronutrient composition have been shown to influence sleep characteristics; restricted energy intake through a very-low-calorie diet has been shown to decrease the amount of SWS and did not alter the amount of REM sleep, 55 while infusions of intravenous amino acids increased SWS and decreased REM sleep, and intravenous glucose increased both SWS and REM sleep. 56 Hormone levels have been shown to influence sleep characteristics; ghrelin administration increased SWS and decreased REM sleep levels, 57 --59 suggesting together with our data a negative feedback loop between ghrelin and the sleep characteristics. Furthermore, physical activity has been shown to influence sleep characteristics; a 6 month moderate aerobic training protocol increased the percentage SWS and decreased percentage REM sleep. 60 Taken together, this implies a vice versa effect between EB and the amount of SWS and REM sleep, which appears as a vicious cycle differencing between subjects. A recent study by Mokhlesi et al. 61 shows that overweight and obese subjects have less SWS compared with lean subjects, however, two smaller studies in obese subjects did not observe altered sleep characteristics. 62, 63 Future studies are required to draw firm conclusions about the distinctive relationships between EB, EB parameters, and the amount of SWS and REM sleep.
From our study, we conclude that a positive EB due to overeating, was explained by a smaller amount of SWS and higher amount of REM sleep, mediated by hunger, fullness, STAI state scores, glucose/ insulin ratio and ghrelin and cortisol concentrations. 
REM sleep
Glucose/insulin ratio Figure 1 . The proposed mediation model for the relationship between positive EB calculated as |energy intake over 48 hÀenergy expenditure over 48 h|/2 (MJ/24 h), EB parameters, and the amount of SWS and REM sleep (minutes) after 16 male subjects were fed in EB, and received an ad libitum dinner during the last 2 h. Multiple regression analyses showed that after inclusion of ghrelin and cortisol concentrations, glucose/ insulin ratio, total wanting score, STAI state scores and fullness or hunger scores, the amount of SWS and REM sleep did not add to the explained variance of EB, which suggests that due to their individual associations, these EB parameters are mediator variables. All of the presented associations are Po0.05.
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